Abstract. There is a considerable debate between research groups applying the two stage clonal expansion model for lung cancer risk estimation, whether radon exposure affects initiation and transformation or promotion. The objective of the present study is to quantify the effects of radon progeny on these stages with biophysical models. For this purpose, numerical models of mutation induction and clonal growth were applied in order to estimate how initiation, transformation and promotion rates depend on tissue dose rate. It was found that rates of initiation and transformation increase monotonically with dose rate, while effective promotion rate decreases with time, but increases in a supralinear fashion with dose rate. Despite the uncertainty of the results due to the lack of experimental data, present study suggests that effects of radon exposure on both mutational events and clonal growth are significant, and should be considered in epidemiological analyses applying mathematical models of carcinogenesis.
INTRODUCTION
Radon is considered to be the second most important cause of lung cancer after smoking. In order to estimate cancer risk attributable to radon progeny, several epidemiological analyses were carried out. Many of them applied the two stage clonal expansion model (1) , which allows the quantification of the effects of ionizing radiation on different stages of carcinogenesis, such as initiation (acquiring mutation providing a growth advantage), promotion (clonal growth of initiated cells), and transformation (acquiring mutation leading to malignancy). However, there is a considerable debate between research groups on which stages are influenced by radon exposure. Some papers argued that radon progeny acts on initiation, but not on promotion (2, 3) , while others supports the hypothesis that effect on promotion plays the dominant role (4, 5) . The purpose of the present paper is to estimate the effects of radon progeny on initiation, promotion and transformation rates not by epidemiological analyses, but applying biophysical models considering initiation and transformation as mutational events, and promotion as clonal growth of mutant cells.
METHODS
Mutagenesis and clonal growth were modelled separately. The model of mutation induction is the same as presented in our earlier study (6) , while the clonal expansion model is based on the work of Chao et al. (7) and Heidenreich and Paretzke (5) . The input of these models are obtained with the same cellular dosimetry model, which is similar to those applied in our earlier work (6) . A mathematical model of the bronchial epithelium was elaborated consisting of six cell types: ciliated, basal, intermediate, goblet, other secretory, and preciliated cells. Their * E-mail:
, Skype ID: madbalger frequency and volumes of their nuclei were obtained from experimental data (8) supposing that nuclei of preciliated cells and ciliated cells and nuclei of intermediate cells and basal cells have the same volume. Cell nuclei were represented as spheres. Only basal cells were considered as progenitors, therefore cell doses had to be computed for this cell type only. Basal cells were cylinders perpendicular to the basement membrane placed on a hexagonal lattice. The height of the cylinders is 15.0 µm, while their radius is 3.63 µm. The depth distribution in the model is based on experimental data (9) , although there are significant differences, because nuclei of differentiated cells are shifted upwards, since they do not have enough place among basal cells. The experimental and model data about depth distributions of nuclei is shown in Figure 1 . Figure 1 . Depth-distribution of cell nuclei in the model compared to experimental data (9) .
Basal cell doses and cell nucleus hits were determined by a self-developed code in an epithelium model with a size of 400 µm×400 µm×57.8 µm covered by a 5-micrometer-thick mucus layer. Radon progeny ( Po producing 10.4% and 89.6% of α-particles, respectively) were placed on the top of the mucus layer. β-and γ-radiation were neglected. Emission of α-particles is isotropic, and their tracks were considered as straight line segments. The deposited energy along a given segment was determined by the utilization of "The Stopping and Range of Ions in Matter" software (10) . Cell survival probability was supposed to decrease exponentially with cell nucleus hits. The slope of the curve in log-lin representation is b=-0.587 (11) . However, spontaneous death rates were also considered. In order to remain consistent with the model presented in (5) , spontaneous death rate of basal cells was 0.1 year
Mutation rate was estimated by our earlier model (6) supposing that the number of induced mutations is equal to the expected number of non-repaired DNA double strand breaks (DSBs) at the next cell division of surviving cells. Both spontaneous and radiation induced DSBs were considered. The spontaneous DSB induction rate was supposed to be 0.05 hour -1 during G 0 and G 1 , and 0.10 hour -1 during G 2 and M phases (12) , while 50 DSB is induced during the whole S phase (13) . In the model, basal cells spend 1 hour in M, 2 hours in G 2 , 9 hours in S phase (14) , and the remaining time between subsequent cell divisions is spent in G 0 and G 1 phase. DSB-induction rate for α-particles was set to β=107 Gy -1 (15) . Reciprocal DNA DSB repair was supposed with a characteristic time of τ=0.9 h (16) . Spontaneous death rates of differentiated cells (5.75 year -1 ) were determined by the assumption that normal division rate of basal cells (1/30 day -1 ) (17) maintains the equilibrium number of cells. Similarly, cell division rate (R div ) of basal cells was changed according to death rate (R death ) in order to maintain the equilibrium number of cells. This can be formulated by Equation (1):
where N pr,sd denotes the number of progenitors survived a daily exposure. Since the adjustment of division rate to death rate is not expected immediately, the applicability of the models is limited to chronic exposures. The previous assumptions result in Equation (2) for
where D i and n i denotes the dose absorbed by the cell and the number of hits received by the nucleus of the i th basal cell, respectively. For each exposure rate hundred independent runs were performed.
Clonal growth was modelled by a self-developed code similar to those presented in (5) and (7) . Basal cells were placed on a hexagonal lattice. When a cell dies, its neighbours compete for the space left vacant occupying it by cell division. Since differentiated cells were not considered in this model, division means here always symmetric division. Two types of initiated cells were investigated:
Survival mutants were supposed to be partially resistant to α-radiation; their death rate was 40% of that of normal cells. This value originated from the apoptosis rate of p53-mutants of the skin exposed to UVB-radiation relative to normal cells (18) . Obviously, resistance of basal cells in the bronchi exposed to α-particles can be highly different, but more relevant data were not found in the literature. Proliferative mutants were supposed to respond more quickly for the death of their neighbours, which may correspond to some other p53-mutants having defective cell cycle checkpoints. The proliferative advantage is described by parameter g of (5) . Since the properties of proliferative mutant clones were studied in detail in (5) , more attention was paid for survival mutants. Simulations started with initiation of one cell. Probability of cell death was obtained from the dosimetry model. Hundred independent runs were performed for each exposure rate simulating the first ten years after initiation. The timestep was equal to 12 hours. The average clone sizes were determined as the function of time at different exposure rates considering the extinct clones too. Effective promotion rates γ eff were computed by dividing the natural logarithm of the ratio of average clone sizes (N(t 2 ) and N(t 1 )) at t 2 and t 1 by t 2 -t 1 :     Figure 2 , mechanisms of mutation induction by radiation are compared. The effects of accelerated turnover and DNA damages were excluded mathematically by writing the background division rate instead of R div and zeros instead of D i -s, respectively. Mutation rate is dominated by the accelerated turnover of basal cells due to the death of other cells. In the range shown, mutation rate depends linearly on dose rate. In the present scenario, most cells killed are differentiated, because the mean depth of progenitors is higher as compared to our earlier work (6) . In addition, higher mutation rates were obtained than earlier, because the relative number of progenitors was lower, and higher values of the available experimental data were chosen both for b and β. Several epidemiological studies on lung cancer among uranium miners supposed that cell killing effect of radiation decreases initiation and transformation rates applying such functions for these steps, which include a factor decreasing exponentially by exposure rate (19, 20) . Any decrease due to cell death in initiation and transformation rates with exposure rate is not supported by our model showing monotonic increase of the function between mutation rate and dose rate. This is in agreement with one conclusion of the cited studies (19, 20) that there is no indication of a statistically significant cell-killing effect on the first mutation. In Figure 3 , average clone sizes presented by the number of mutant cells are shown as the function of tissue dose rate ten years after initiation (upper panel) and as the function of time since initiation at different tissue dose rates (bottom panel). Number of cells in a clone increases quadratically with dose rate and time, and so with cumulative dose too. This is because proliferation is limited to the periphery of the clone, and its perimeter increases linearly with dose rate and time. This growth is much slower than exponential, which means that effective promotion rate decreases with clone size. However, effective promotion rate increases, but its slope decreases with dose rate similarly to the functions applied in epidemiological studies (21, 22) . Proliferative mutants characterised by several values for g were tested in order to find that, which provides growth properties similar to survival mutants having 40% of death rate of normal cells. Nice agreement was found at g=0.12, as it is shown in Figure 3 . However, since reproductive clones extinct more frequently than surviving clones, the average size of living reproductive clones is much higher than the average size of living surviving clones. Figure 4 shows the relative increase in initiation and transformation rates and in effective promotion rate due to radon exposure as the function of tissue dose rate. Initiation and transformation may require several mutations, which were considered by plotting the square and the cube of mutation induction rate too. Since promotion rate is not constant along time, effective promotion rate is computed for different time scales. If initiation corresponds to one mutation, then the significance of promotion is much higher in the present scenario. However, if several mutations were necessary for initiation (and/or transformation), then they would dominate the process even at relatively low cumulative doses. Based on the present study, both mutational events and clonal growth is affected by radon exposure and should not be neglected in epidemiological analyses applying the two stage clonal expansion model.
Since the deposition of radon progeny is highly heterogeneous in the lungs, and especially in the bronchi (23) , it remains an important question whether bronchial carcinoma originates from the deposition hot spots or from the rest of the bronchi. Importantly, 0.35 Gy/day tissue dose rate at the most exposed parts of the bronchi corresponds to approximately 0.7 WL if eight hours per day is spent in this exposure rate (6) . Studies on the effect of the gradient in dose rate, and development of methods for consideration of spatial dose distribution in epidemiological studies may be necessary for better estimation of risk related to inhalation of radon progeny. Relative increase in rates of initiation and transformation if they require one, two, or three mutations and the relative increase in effective promotion rate computed for the first, the first three, and the first nine years after initiation as the function of tissue dose rate.
CONCLUSIONS
Epidemiological analyses on lung cancer among uranium miners applying the two stage clonal expansion model present inconsistent findings about the effects of radon exposure on initiation, promotion, and transformation. In the present study, we applied biophysical models of mutation induction and clonal growth in order to estimate the dose rate dependence of initiation, transformation and promotion. Rates of initiation and transformation being considered as mutational events increase monotonically with dose rate. Cell death induced by radiation enhances not only the promotion rate, but initiation and transformation rates as well challenging the assumption of several epidemiological analyses. Based on the present study, polynomial functions should be applied in mathematical modelling of carcinogenesis in uranium miners for describing the dependence of initiation and transformation on exposure rate of radon progeny. The degree of the polynomial depends on the number of mutations required for initiation and transformation. Since the growth of the clone is limited to its periphery, clone size increases quadratically. Effective promotion rate and effective promotion rate relative to effective promotion rate in unexposed tissue decreases with observation time, but increases in a supralinear fashion with dose rate similarly to the outcome of several epidemiological analyses. Despite the uncertainty of the results due to the lack of experimental data on input parameters, the present study suggest that exposure to radon progeny affects significantly both mutational events and growth of mutant clones in the lungs, and these effects should not be neglected in epidemiological analyses applying mathematical models of carcinogenesis. Since the exposure of bronchi to radon progeny is spatially very inhomogeneous, further studies are required to determine whether lung cancer originates from small parts of the epithelium characterised by high dose rates or from large parts of the epithelium exposed to low dose rates. The effects of the gradient in dose rate on clonal growth should be also investigated.
